Thermal and non-thermal diffuse radio emission in the interstellar medium of dwarf spheroidal (dSph) galaxies, comprising relativistic particles and magnetic fields, is an important aspect of the role of dwarf galaxies in the magnetization of the intracluster and inter-galactic medium in the early universe, competing with AGNs and starburst galaxy activity. The current quiescent phase of Local Group dSphs has so far dampened the possibility of measuring their non-thermal emissions and in turn of fully understanding connected aspects of dSph properties and evolution. Deep observations are required in order to probe the emission associated to the very-low level of dSph star formation or, possibly, to particle dark matter annihilating or decaying in the dSph halo. In this work, we employ radio observations of six local dSphs to test the presence of a diffuse component over typical scales of few arcmin. The dSph targets require wide-field low-frequency observations which were conducted with the Australia Telescope Compact Array in the frequency band 1.1-3.1 GHz. The achieved rms sensitivity is below 0.05 mJy/beam. We observed the dSph fields with both a compact array and long baselines. The high-resolution data were used to map small-scale background sources which were then subtracted to significantly reduce the confusion limit of the short-baseline maps. The latter were used for the extended emission search and have a synthesized beam of about 1 arcmin. We found no significant detection of a diffuse radio continuum component. After a detailed discussion on the modeling of the cosmic-ray (CR) electron distribution and on the dSph magnetic properties, we present bounds on several physical quantities related to the dSphs, such that the total radio flux, the angular shape of the radio emissivity, the equipartition magnetic field, and the injection and equilibrium distributions of CR electrons. Finally, we discuss the connection to far-infrared and X-ray observations.
I. INTRODUCTION
The cold dark matter (CDM) paradigm consists in postulating a dark matter (DM) component with small velocity dispersion in the early Universe. A straightforward consequence is the prediction of an abundance of structures on sub-galactic scales. The CDM model has been collecting enormous successes in explaining large scale observations, over a wide range of redshifts. On the other hand, a number of tensions have emerged in the description of the smallest scales, such as the innermost regions of galactic DM halos and the Local Group dwarf galaxy satellites. The CDM controversies include the so-called "cusp-core", "missing satellites", and "too big to fail" problems (see, e.g., Ref. [1] for a recent review).
Dwarf spheroidal (dSph) galaxies, and in particular the Milky Way (MW) satellites, are key actors in all of these issues [2] . Indeed, the central density profiles of dSphs have been suggested to be much shallower than predicted in the CDM scenario (see, e.g., Ref. [3] and references therein). On the other hand, while the cusp-core controversy appears to be evident in low surface brightness spiral galaxies (where the profile is derived from rotation curves), some uncertainties in the description of the gravitational potential from the observed dSph velocity dispersion (in particular related to the anisotropy of the stellar velocity) leave the question still open in the case of dSphs.
In cosmological N-body CDM simulations, the formation of MW-like halos preserves a large amount of subhalos (formed in early-time collapses on small scales). This leads to the prediction of thousands of MW satellites which is at odds with the few tens observed. The disagreement still persists even after the recent discovery of about 15 new ultra-faint dSphs (UDS). However, taking into account the completeness limits of the SDSS observations, this issue can be alleviated. Indeed, applying luminosity bias corrections, Ref. [4] found that few hundreds of UDS should be present within the MW virial radius.
In the same dissipationless simulations, more than about six massive satellites with maximum circular velocity greater than 30 km/sec are predicted [5] , while no similar objects have been observed from the MW or Andromeda's satellites. This is particularly puzzling since such objects are at the high mass end of the dSph mass spectrum and have the gravitational potential largely dominated by DM (thus simulation results should be robust despite the baryonic contribution is neglected). Larger galaxies typically show monotonic relation between luminosity and halo circular velocity (or halo mass), while the presence of such massive dark subhalos would strongly violate this relation [5] .
A solution of the aforementioned issues might reside in a departure from the collisionless CDM scheme foreseeing a suppression of small-scale structures either in the primordial power spectrum or due to DM-induced effects during structure formation. Assuming instead the CDM paradigm to be correct, the solution could lie in baryonic physics, and in particular in connection with supernova feedbacks and low star formation (SF) efficiency. A variety of studies and simulations have shown that baryonic effects could possibly lead to cores in DM halos and suppress SF in low mass halos (see Ref. [1] for a recent review).
The MW satellites are crucial laboratories for testing the validity of such solutions. The inefficiency in SF can be explained by a low gas density content in dSphs, below the density threshold for star formation. Different mechanisms have been suggested in order to either prevent gas collection in dSphs (as, e.g., heating of intergalactic gas by the ultraviolet photoionizing background [6] ) or removing gas out of the shallow gravitational potential of dSphs (with, e.g., early feedback effects or tidal streams of gas in the dSph orbit around the MW [7] ). Measurements of the presence of gas in dSphs would thus be crucial to discriminate among some of the proposed solutions.
The injection of energy associated to feedbacks should have left some imprints in the magnetic properties and highenergy cosmic-ray (CR) content of the dSphs. Indeed the generation of magnetic fields in galaxies is often associated to dynamo processes, which are sustained by the turbulent energy sourced in turn by supernova explosions. The same mechanisms can accelerate low-energy electrons up to TeV-PeV energies (for a recent review of the role of supernovae as CR and magnetic source, see, e.g. [8] and references therein). Radio observations can probe the synchrotron radiation associated to high-energy electrons spiraling in an ambient magnetic field.
In this project, we performed deep mosaic radio observations of a sample of six local dSphs with the Australia Telescope Compact Array (ATCA). We simultaneously collected continuum data (in the 1.1-3.1 GHz band) and HI spectral line data (at 1.4 GHz). The latter is associated to the atomic transition of neutral hydrogen and will be analyzed to constrain the gas mass in dSphs in a future work. In this paper (Paper II), we discuss the search for a diffuse continuum component. The level of the achieved rms sensitivity is around 0.05 mJy/beam.
A recent attempt in the same direction but making use of single dish observations was performed by [9, 10] with the Green Bank Telescope.
Due to existing bounds on dSph gas density [11] , thermal emissions are likely to be very dim. Our search focuses on the possible presence of a non-thermal synchrotron emission associated to high-energy electrons interacting with the interstellar magnetic field. The expected emission is weak and on relatively large scale (over the dSph size, which is typically several arcmin). This requires, on one side, a sensitivity enhancement which is provided by wide-band observations, and, on the other side, a wide-field strategy (obtained by means of compact configurations of the ATCA array-telescope) to access large scales and also mosaicing to map the predicted full extent of the dSph source.
Because of the wide-bandwidth of the ATCA receivers, the beam size varies considerably over the frequency band. The changing beam size manifests as a changing gain across the band, for off-axis sources. This variation with frequency can be interpreted as structure during imaging, and can result in imaging artifacts for off-axis emissions. They can be mitigated through the use of frequency-dependent imaging techniques, which simultaneously solve for the spatial and spectral variation of the source. Although there are a number of effective methods of wide-band imaging for a single pointing, joint imaging of mosaic pointings is still an unsolved algorithmic problem for the wide-band case. This is due to the frequency-varying primary beam effect over each mosaic panel, which introduces frequency-dependent gains across the image that will differ from panel to panel in overlapping regions.
A significant part of the project has been thus to investigate how state-of-the-art imaging algorithms can deal with such problematics (see also Paper I [12] ), which will become more and more pressing with the next-generation of radio telescopes, and in particular with the SKA. We adopted the MFCLEAN algorithm in Miriad which was found to provide satisfactory results, as shown in the following and in Paper I. It implements the algorithm of Ref. [13] to model the source brightness distribution with a linear variation in frequency. The data reduction and imaging are summarized in Section II. The observing setup is composed by both a compact array of five antennas and long baselines involving a sixth antenna. Short-spacings are required to detect extended emissions. For the adopted array, we obtain a synthesized beam of about 1 arcmin and a maximum detectable scale of about 15 arcmin. With such large beam, however, the confusion limit is quickly reached. Long baselines provide, on the other hand, high-resolution mapping of the small-scale background sources. They are then subtracted from the short-baseline maps to reduce the confusion noise, as explained in Section III. This is done both directly from the data and in the image plane. We remind that, since we use an interferometric technique, the data are collected in the so-called visibility (or UV) plane, which is related to the image plane by means of a Fourier transformation.
Starting from the SF history of the observed dSphs (inferred, in particular, through colour-magnitude diagrams), we derived estimates for the expected magnetic field strength and CR content. They are described in Section IV and Table II . The possibility of having high-energy electrons and positrons injected through DM annihilations or decays is investigated in Paper III [14] . The CR spatial diffusion and energy losses are modeled with a special care, developing a new numerical solution of the transport equation which is reported in the Appendix.
After introducing the statistical technique, in Section V we test the presence of a diffuse component. We report bounds on a variety of physical quantities associated to the expected synchrotron emission. They include the total radio flux, the angular shape of the radio emissivity, the equipartition magnetic field, and the injection and equilibrium distributions of CR electrons. We present a detailed discussion on how the bounds on the CR population depend on the assumption concerning the magnetic properties of the dSphs. We also investigate the connection to far-infrared and X-ray observations. Discussion and conclusions are in Section VI.
II. OBSERVATIONS AND DATA REDUCTION
The dSphs considered in this work (Carina, Fornax, Sculptor, BootesII, Hercules and Segue2) were observed (for a total observing time of 123 hours) during July/August 2011. The six 22-m diameter ATCA antennae operating in the frequency range 1.1-3.1 GHz were employed, with the array configuration formed by a core of five antennae (with maximum baseline of about 200 m), and a sixth antenna located at about 4.5 km from the core. More specifically, the core of the array for the observations of Carina, BootesII, Segue2, and part of Hercules was in the hybrid configuration H214 with maximum baseline of 214 m, while for the observations of Fornax, Sculptor, and the second part of Hercules, it was in the hybrid configuration H168 with maximum baseline of 168 m. Further details about the observing setup can be found in Paper I.
The Miriad data reduction package [15] was used for calibration and imaging. We proceeded producing three maps for each target. The data were first imaged with the Briggs robustness parameter set to -1 [16] leading to an high resolution map, where short baselines are effectively down-weighted. Then we generate a second set of maps, by imaging again with the same robustness parameter, but applying a Gaussian taper to the data before Fourier inversion. In the following, we will use the label r −1 for the map obtained with robust=-1, f 15 for the map obtained with robust=-1 and tapered with FWHM=15 (which effectively down-weights long baselines), and f 60 for the map obtained with robust=-1 and tapered with FWHM=60 (maximizing the sensitivity to large scale emissions). The f 15 maps are shown in Fig. 1 for the various targets, while an example of the three different kinds of maps is reported in Fig. 2 for the Fornax FoV. The main properties of r −1 and f 15 maps (which will be the two sets used in the analysis) are summarized in Table I . 1 The r −1 maps basically probes scales from few arcsec to about 30 arcsec, and have an rms noise of 30-40 µJy. The synthesized beam of the tapered f 15 maps is instead about 1 arcmin, and the largest scale which can be well imaged is around 15 arcmin (see discussion in Section III C). Because of confusion limitation, the rms noise raises up to 0.1-0.15 mJy. Both beam and noise are further increased by about 50% in the f 60 maps. Again, details about the data reduction can be found in Paper I. 
III. ESTIMATE OF THE DIFFUSE COMPONENT
In this Section we describe the estimate of the diffuse component, for which we explored different methods. Results and comparisons are discussed in Section V B.
In our analysis, we focus on the inner region, within 30 arcmin (20 arcmin) from the center of the CDS (UDS), motivated by three reasons: First, this region encompasses the area of the expected emission from sources associated to the dSph stellar component or from the DM halo (being the half-light radius and halo scale radius 20 in CDS and 10 in UDS). Second, the size of largest structure that can be well imaged through the adopted observational strategy (see Section III C) is well below 30 arcmin, so there is no gain in considering a larger area. Finally, in this region we have a uniform coverage and rms, so we can neglect primary beam effect (as verified also with the flux measurements of point sources discussed in Paper I).
Here, we identify the diffuse signal only with extended emissions centered around the optical dSph center, and we do not consider off-center point-like or moderately extended clumps (e.g., associated to clouds or DM subhalos). This possibility will be investigated in details elsewhere.
The search for diffuse components is most successful if performed on short baseline maps. In this case, the synthesized beam is about 1 arcmin in f 15 and 1.5 arcmin in f 60 (while being of few arcsec in r −1 ), and is more suited to detect a smooth extended emission of few arcmin size (which is the expected size of emission). The theoretical rms worsens only by a moderate factor with respect to the long-baseline case, i.e. the square root of number of baselines 15/10 = 1.2. In practice, due to limitations from confusion, it actually grows by a factor of few. By means of source subtraction, we can mitigate confusion issues and bring the rms down, closer to the value derived for the r −1 maps.
Moreover, if one tries to fit a diffuse component to the original map, the best-fit normalization will be generally different from zero with the no-signal case excluded at a significant statistical level (see discussions and plots in Section V B). This is obviously fictitious and due to the presence of point-sources.
In order to overcome the above two issues, we estimated the diffuse component by subtracting point-sources either in the UV-and/or image-plane, as we will describe below. An example of the outcome for the f 15 map of the BootesII FoV is shown Fig. 3 .
A. Subtraction of sources on visibilities
For the detection of point sources, the inclusion of data from the antenna located at about 4.5 km from the array-core provides superior angular resolution (by a factor of 20) and lower rms than considering only the five antennae of the core, see Table I (for a comprehensive discussion of source detection in our maps, see Paper I). Discrete sources are thus characterized by including long-baselines in the r −1 maps. The detected structures vary from few to few tens of arcsec. They can be then subtracted from the short-baseline maps. The most proper way to do it is to perform the subtraction in the visibility plane. This has been done with the task UVMODEL in Miriad. The resulting visibilities are then reduced and imaged following the same pipeline as for the original maps.
The subtraction of sources in the r −1 (used as a cross-check) and f 15 maps has been performed taking the CLEAN component of the r −1 map as the input source model. In the f 60 , instead, we first subtracted the r −1 CLEAN components and then also the CLEAN components of the subtracted f 15 map. The latter procedure over-subtracts flux and only emissions on very large scales may survive. However, it is an useful check for our method.
The subtraction procedure came out to be more successful for targets observed with the array configuration H214 (Carina, BootesII, Segue2), rather than with H168 (Fornax, Sculptor, Hercules), because of the better beam reconstruction. Carina and BootesII are thus the cases showing the lowest rms after source-subtraction (while Segue2 has a larger noise because of imaging issues, partly due to the presence of a very bright source in the field, see Paper I).
B. Subtraction of sources on images
To identify pixels in an image which belong to sources and not to the dSph diffuse emission, we use the publicly available tool SExtractor [17] . In SExtractor, the detection of sources proceeds through segmentation by identifying groups of connected pixels that exceed some threshold above the background. The first step for source detection in SExtractor involves the determination of the background and RMS noise maps, since the background is subtracted from the original map, while the thresholds for detection is set in terms of the rms. In fact the background map can be seen as an estimate of the large-scale diffuse emission. We computed it as follows.
The original map is split in regions of (3 arcmin) 2 , and the mean and the standard deviation of the distribution of pixel values within each region are determined. Then the most deviant values are discarded and the computation is re-performed. This is repeated until all the remaining pixel values are within 3-σ from the mean. The background in the region is then the mean in the non-crowded case (i.e., if σ is changed by less than 20% per iteration) and 2.5×median-1.5×mean in the crowded case. The resulting background map is then a bicubic-spline interpolation between the meshes of the grid, while the standard deviations form the rms map.
We will consider the background map as the source-subtracted map, and the rms will be the one adopted in the statistical analysis. Another possibility would be to perform the analysis on the original map but masking all the pixels which are occupied by sources. We verified that results do not differ appreciably with respect to considering the source-subtracted map.
In Fig. 4 , we show the radial distribution of the observed surface brightness in the f 15 maps. The points are the average of the emission in spherical annuli of width of 1 arcmin, as a function of the distance from the dSph center. The error bars are computed by summing in quadrature the average of the rms estimated as described above and the standard deviation of the emission within each annulus. Blue points include sources and the emission is not compatible with a null signal. Red points show the case with sources subtracted in the visibility plane. In some cases, they show an evidence of emission. However, the pattern is always similar to the case including sources, although with a much lower amplitude. This suggests that it is not a truly extended emission but rather a residuals of subtraction. This interpretation is supported also by the fact that after masking the region occupied by sources in the original map, we found that the curves do not show statistically significant deviations from the zero level. Orange points show instead the case with sources subtracted both in the UV and image plane. They are always compatible with a null signal.
In Fig. 5 , we show the radial distribution of the average fluctuations in the f 15 map. It is the sum in quadrature of the rms and the standard deviation of the emission within each annulus. The latter shows pronounced peaks when sources are not subtracted in the f 15 and f 60 maps. This is not the case in the r −1 map, because the latter is not confusion limited and so sources always occupy only a small fraction of the annulus. Once sources are subtracted, all curves become smooth. Here it is shown for the UV-subtraction, but this is even more true (in some sense, by definition) when the subtraction is performed also in the image plane. Note the gain of a factor of few provided by source subtraction in the confusion limited maps f 15 and f 60 .
C. Largest well-imaged structures
As already mentioned, the observations were conducted with the ATCA telescope in the hybrid array configurations H214 (for Carina, BootesII, Segue2, and part of Hercules) and H168 (for Fornax, Sculptor, and the second part of Hercules). In the array configuration H214 the minimum baseline is B min = 82 m, while in the H168 case it is B min = 61 m. An estimate of the largest structure which can be well-imaged through a mosaic strategy is λ/(B min − D) corresponding to 9.2 and 14.1 in the H214 and H168 configurations, respectively, at the center of the bandwidth (λ = 16 cm) and taking the antenna dish to be D = 22 m. Taking the lower end of the bandwidth (λ = 27 cm) we have an upper limit of the size from which we can get a signal, namely 15.6 (23.9 ) for H214 (H168). We verified that the shortest uv-distances present in our data approximately match the latter estimates.
The above numbers obviously apply to the setup including short baselines (i.e., the tapered images). For the long-baselines, B grows to approximately 4.5 km. Therefore, in the case the short-baselines are down-weighted, the largest achievable scale significantly reduces. The r −1 map is indeed sensitive only to the smallest scales up to about half arcmin.
The maximum size of well-imaged structures clearly depends, on the other hand, also on a number of observing details and it is not easy to have a precise a priori estimate. To overcome such difficulty, we perform few different simulations of detection of large scale emissions. To this aim, we used the task IMGEN in Miriad to generate Gaussian emissions of different sizes and fluxes. They have been converted into mock visibilities and added to the original observational data by means of the task UVMODEL. The resulting visibilities are then reduced and imaged following the same pipeline as for the original maps.
We found that the estimates discussed above are approximately matched, and the reconstructed amplitude starts to decrease for sizes 15 ( 10 ) in the H168 (H214) configuration. With the exception of the Fornax dSph which size is comparable to such scale (and so the related bounds might be slightly optimistic), all the other dSphs have expected sizes well-within this scale (see r * in Table II ). In Fig. 6 , we show two examples of f 15 maps obtained with the above procedure, namely after the addition of a mock Gaussian emission. Left panel shows expectations in the Carina case (H214 array) considering FWHM=7.5 and peak amplitude of 1.5 mJy for the mock Gaussian. The right panel is instead a sort of extreme case that can be well imaged, showed for the Fornax FoV (H168 configuration) with FWHM=11.5 and peak amplitude of 0.3 mJy (about 3×rms sensitivity). 
IV. THEORETICAL MODELS
In this section, we describe how we model the GHz-diffuse continuum emission in dSph (the analysis of the possible diffuse HI emissions will be discussed elsewhere contextually to the presentation of the relative data). Thermal bremsstrahlung from ionized hydrogen clouds (HII regions) and synchrotron radiation from non-thermal electrons are the most notable emissions in galaxies which do not host an AGN. Thermal re-radiation of starlight by dust becomes important only at frequencies 100 GHz, and is not important for our frequency range.
The free-free emission has a pretty flat-spectrum, with index α ∼ 0.1 (the spectral index is defined by S ∝ ν −α , with S being the flux density and ν the frequency), while synchrotron radiation has a steeper spectrum (α ∼ 0.8), and typically dominates the radio emission of galaxies up to few tens of GHz. Moreover, bremsstrahlung emission in dSphs is expected to be very faint given the low gas density.
We therefore focus only on synchrotron emission. On the other hand, all the bounds on fluxes and emissivities that will be derived in the following can be straightforwardly extended to any thermal emission.
A. Synchrotron emission
The total synchrotron emissivity at a given frequency ν is obtained by folding the electron number density n e with the total radiative emission power P synch [21] :
where m e is the electron mass, the critical synchrotron frequency is defined as ν c ≡ 3/(4 π) · c e/(m e c 2 ) 3 B(r)E 2 , and F (t) ≡ t ∞ t dzK 5/3 (z) is the function setting the spectral behavior of synchrotron radiation. To obtain the polarized emission, F has to be replaced with G(t) ≡ t K 2/3 (t). Absorption along the line of sight (from the dSph to us) is negligible at these frequencies. Similarly, for the thermal (see also arguments above), self-synchrotron, and self-Compton absorptions within the source which can be disregarded for the (non-compact) cases considered in this work. The flux density measured by the ATCA telescope can be estimated as
where s labels the coordinate along the line of sight, θ 0 is the direction of observation, i.e. the angular off-set with respect to the dSph center (the non-circularity of the beam can break the spherical symmetry but this is a very small effect), and we perform the angular integral assuming an elliptical Gaussian response of the detector G centered at θ 0 and with widths σ θ and σ φ given by the synthesized beam sizes. To compare theoretical prediction to observations in the case of a mosaic, one should compute
, where S is the actual estimate of the observational flux, S th is the theoretical prediction described in Eq. 2,θ i 0 is the angle with respect to the center of each mosaic panel i, and P (x) = exp(−4 log 2 (x/F W HM )
2 ) is the primary beam pattern (note that S i th = S i P −1 ). However for all practical purposes one can identify S with S th of Eq. 2. Indeed, we can proceed to two simplifications. First, S th (θ i 0 )
S th (θ 0 ); this is because the maximum difference in terms of radial distance between the case with a l.o.s. s1 at a given angle θ 0 from the dSph center and the case with a l.o.s. s2 at a given angleθ i 0 from the center of a panel is s2/s1 = cos(θ max ) with θ max 40 for our maps. This leads to a mismatch smaller than 0.01% between the radial distances and so to a negligible difference in the flux computation. The second simplification consists in neglecting the primary beam weighting. This is because we focus on the central part of the map (as mentioned above). This leads to S S th with the latter given by Eq. 2.
Since our bandwidth is quite large (∆ν 2 GHz), we need to average the intensity over frequency: S(θ 0 ) = 1/∆ν ν2 ν1 dν S(ν, θ 0 ) with ν 1 = 1.1 GHz and ν 2 = 3.1 GHz. Note that we can neglect the frequency dependence of the primary beam pattern only because the effect of the latter is negligible in the central part of the mosaic, as mentioned above.
The synchrotron emission estimate involves the computation of the CR electron and positron equilibrium density n e . We describe it in the limit of spherical symmetry and stationarity, making use of the following transport equation (where convection and diffusive reacceleration are neglected since they are likely to be irrelevant in dSphs):
where f (r, p) is the e + − e − distribution function at the equilibrium, at a given radius r and in terms of the momentum p, related to the number density in the energy interval (E, E + dE) by: n e (r, E)dE = 4π p 2 f (r, p)dp; analogously, for the source function of electrons or positrons, we have q e (r, E)dE = 4π p 2 s(r, p)dp. The first term on the left-hand side describes the spatial diffusion, with D(r, p) being the diffusion coefficient. The second term accounts for the energy loss of due to radiative processes;ṗ(r, p) = i dp i (r, p)/dt is the sum of the rates of momentum loss associated to the radiative process i. Here we consider synchrotron and inverse Compton on CMB losses which leads to: 2 dp dt 2.7 · 10
Models for the diffusion coefficient D, magnetic field B, and source term q e will be described in the next sections. Eq. 3 is solved numerically making use of the Crank-Nicolson algorithm as described in the Appendix. 
B. Cosmic-ray sources
To model the synchrotron flux from dSphs we consider two approaches. First, we directly introduce a functional form for the emissivity j synch (r). With this phenomenological approach, we can provide pretty general bounds on the average of the emission j synch and the spatial extension r s using some common functions as a Gaussian j synch = j 0 e −x 2 /2 and β-models j synch = j 0 (1 + x 2 ) −3 β/2 where x = r/r s . Note that the latter provides a form which might closely resemble naive expectations (i.e., disregarding possible reshapings due to interactions with the interstellar medium) for the emissions from DM with an isothermal profile (β = 4/3 for annihilating and β = 2/3 for decaying) and from stellar populations with Plummer (β = 5/3) or modified-Plummer (β > 5/3) distributions.
The second (more physical) approach involves instead the modeling of the CR electron density and magnetic properties of the dSph. High-energy CR electrons are thought to be accelerated in galaxies by SN explosions and so their spatial distribution follows star formation regions. Another possible origin (which is extensively discussed in Paper III) is related to DM annihilations/decays. If we assume stars to follow a (modified) Plummer profile and DM to be distributed with an isothermal profile, we can consider again all those cases simultaneously by employing β-models for the spatial part of the injection electron density q e (E,
where x = r/r s and r s is the core radius of either the stellar or DM profiles. The spectrum is taken to be a powerlaw dN e /dE(E) = A 0 (E/GeV ) −pinj with the spectral index of injection p inj 2 − 3, which is what is predicted by the theory of first-order Fermi acceleration at astrophysical shocks (in the limit of strong shocks) [22] . We will often refer to the total CR energy density Q e (r) = Emax Emin dE E q e (E, r) (with E min = 100 MeV and E max = 1 TeV).
We will also consider the computation of the signal starting from the equilibrium electron density n e , taking the same functional forms for the spatial and spectral distributions outlined above for q e . Diffusion and energy losses typically soften the spectrum and n e has a spectral index p f in 3.
To obtain an order of magnitude estimate of the CR density in dSphs from existing data, one can note that, empirically, a relation between the star formation rate (SFR) and the CR electrons density has been found to hold in galaxies. If we assume U el ∝ SF R, take the normalization from a quiescent small galaxy like SMC (for which SF R 5 · 10 4 M M yr −1 and average CR nuclei density U p = k U el 1.5 · 10 −10 GeV/cm 3 [23] ), and consider k 100, we can then compute the average CR electrons density U el in a dSph (where U el (r) = Emax Emin dE E n e (E, r)) from the associated SFR estimate. Only the SFR at late times is relevant to know the highenergy CR distributions (i.e., the population possibly producing a synchrotron emission at 2 GHz), since they lose energy in a relatively short amount of time, so must have accelerated recently. To compute the late-time SFR we follow [24] assuming that about 1% of the total stellar mass content of dSph is produced in the latest Gyr. We use SFR results reported in [25] (Carina and Fornax), [26] (Sculptor), and [27] (Hercules). Ultra-faint dwarfs represent an observational challenge and currently there are too many uncertainties to infer their SF history. For Segue2 and BootesII, we will simply assume the same Σ SF R as in Hercules (which, among our sample, is the dSph which more closely resemble their properties), so the same U
SF R0 el
. This argument is supported also by [28] where, analyzing a sample of 6 UDS, they found that all cases have very similar and synchronized SF histories.
The derived estimates for U SF R0 el are reported in Table II . Magnetic properties, which are the second crucial ingredient of the description, are discussed in the following section.
C. Magnetic Field
The magnetic properties of dSphs are poorly known and to gain observational insights is very challenging. The extremely low content of gas and dust makes polarization measurements difficult. With our data we could attempt to estimate Faraday rotations of background sources (i.e., the rotation of the plane of linear polarization of the background-source waves when going through the dSph ionized medium due to the presence of a magnetic field).
However, the lack of observations of thermal emission in dSphs suggests a very low electron density, most likely well below the thermal density in the MW (N M W e
10
−2 cm −3 [30] ) and not far from the cosmological electron density (N cosm e 3 · 10 −7 cm −3 ). In principle, a bound on the dSph thermal density can be obtained from null observations in the X-ray band. The free-free emissivity at keV-frequency can be estimated as [31] :
where N i and N e are the number density of the thermal ions and electrons, respectively, T is the temperature of the plasma, Z is the charge, g is the Gaunt factor (typically lying in the range 1.1-1.5), and l HII is the size of the dSph HII region. From the lack of observation of X-ray bremsstrahlung, one can infer a limit of [32] and in turn on the thermal density of about 10 −6 cm −3 . The big assumption in this estimate concerns the required temperature. Indeed, in order to emit in the keV range, the thermal plasma has to be heated to temperature up to 10 7 K, which are probably too high in the case of dSphs.
In any case, an estimate of the expected rotation measure is RM = 0.81
and for reasonable assumptions about the thermal density, the result of Eq. 6 is well below the sensitivity of our observations. For similar reasons, other polarimetric surveys do not provide strong bounds as well.
The most promising observational signal of the presence of magnetic fields in dSph stems thus from the detection of a polarized non-thermal radio emission which is the main goal of this project (with past surveys providing only weaker constraints) and will be discussed throughout the paper.
Due to the lack of observational evidences, the magnetic field models will be based on phenomenological/theoretical arguments described in the following.
Magnetic field strength
Star-forming dwarf galaxies typically host a magnetic field of few µG, which provides an upper limit for the Bstrength in dSphs. There is no straightforward lower limit since the cosmological magnetic field could be in principle many orders of magnitude weaker. However, different physical arguments suggest a strength of the magnetic field that is not too far from the one observed in star-forming dwarf galaxies (within an order of magnitude or so), as motivated in the next subsections.
Local Group scalings: The generation of magnetic fields in galaxies is often described in terms of dynamo processes, which are sustained by turbulent energy. The main source of turbulence is often believed to be supernova explosions. Therefore one can expect a correlation between magnetic field and density of SFR Σ SF R in galaxies. Ref. [33] analyzed the magnetic field in Local Group galaxies, ranging from the MW to 10 7 M dwarf irregulars. A high level of correlation between Σ SF R and B was found (the correlation coefficient is r = 0.94) with the scaling well described by a power-law B ∝ Σ 0.3±0.04 SF R
. This agrees well with findings for external more massive spiral and irregular galaxies, suggesting a similar mechanism for the generation of B field at smaller scales. Assuming that there is no threshold effect in such mechanism with respect to the gas-rich (and larger) systems detected in [33] , we can extrapolate this scaling law down to our dSph sample. This assumption is also motivated by the fact that dSphs (at least classical ones) experienced a significant SF phase in the past (while being dominated by old stellar population at present) when thus the conditions for the generation of relevant magnetic fields were present (for a recent review on SF in LG dwarf galaxies, see e.g. [34] ).
At the initial stage of evolution, during the first few Gyrs of active SF, dSphs and dIrrs show similar photometric properties [35] . Then if such progenitors lose their gas, they undergo a change from irregulars to spheroidals (with a transition-type in between) [25] . A common progenitor for dSphs and dIrrs is also supported by models. E.g., in the so called "tidal stirring" scenario [7] dSphs originates from late-type, rotationally-supported dwarfs (resembling present-day dIrr galaxies) undergoing interactions with MW-sized galaxies. Therefore dSphs should have hosted a magnetic field similar to that of dIrrs (i.e. few to ten µG). However, after such initial phase, a large fraction of gas is swept away from dSphs, which then evolve passively. A key question is thus whether such magnetic field can be sustained until present epoch. Since the strength of magnetic field is very low, an extremely low density plasma would suffice to prevent the decay, in absence of turbulences. Indeed the relevant equation for describing the Ohmic decay of a large scale magnetic field is [36] : ∂B/∂t = η c/(4 π)∇B. The estimate for the decay time is then τ = 4 π L 2 /(η c) 10
20 L 100pc ne 10 −6 cm −3 yr. On the other hand, turbulences can destroy the magnetic field in a time-scale much shorter than the age of the galaxy. Episodes of weak SF (forming a few percent of the total stellar mass [24] ) are likely to have occurred at recent time (see e.g. color-magnitude diagram of Carina [25, 37] and Fornax [38] ), implying also the presence of some small fraction of ionized medium. The source of turbulences, however, would also give rise to magnetic field generation via dynamo action, provided the interstellar plasma is sufficiently dense. In other words, unless a peculiar situation with significant non-thermal processes in a very-low density plasma, we expect the magnetic field in dSph to be around the µG level.
To be quantitative, we pursued two approaches. In the first method, we use the relation of Ref.
[33] mentioned above to link B with Σ SF R at each different phase and then take the averaged value over the history of the dSph. In the second, we instead consider the magnetic field to be induced only by the SF in the latest Gyr and assume (following [24] ) that 1% of the total stellar mass content of the dSph is produced in such range of time. We consider the same SFR estimates reported in Section IV B (i.e., Ref. [25] for Carina and Fornax, Ref. [26] for Sculptor, and Ref. [27] for BootesII, Hercules, and Segue2).
The normalization of B is obtained from Large Magellanic Cloud data [39] , namely, taking a total magnetic field strength of B = 4.3 µG for Σ SF R 4 · 10
The corresponding estimates for our dSph sample are reported in Table II . It's interesting to note that the two different methods provide similar results, with only a moderate depletion of B when focusing on recent time.
For what concerns the spatial profile, we will assume spherical symmetry and a simple exponential law, B = B 0 e −r/r h , with r h = r * set by the stellar halo scale. Magnetization of MW surrounding medium: Galactic outflows typically magnetize the medium surrounding spiral galaxies up to several kpc away from the source-region. Indeed giant magnetized outflows from the centre of the Milky Way have been recently observed. They point toward a magnetic field larger than 10 µG at 7 kpc from the Galactic plane [40] .
These arguments support the idea that a non-negligible magnetic field can be hosted by UDS, which are at about 40 kpc from the Galactic center, even if they have never undergone a significant SF. Assuming we can adopt a magnetic field with a simple linear scaling B M W = 50 µG /(d/kpc) in the limit of large distances d from the center of the MW, we derive B M W at dSph positions in Table II . For the CDS, B M W would be negligible with respect to the magnetic field generated by the dSph itself and estimated in the previous subsection (and also the extrapolation we adopted is too simplistic at such large distances), while it could indeed be the dominant magnetic term in the UDS. Since the dSph size is much smaller than the distance from the MW, we can assume B M W to be constant over the size of the dSph. [29] (see references therein). Column 4 and 5 report the magnetic field strength obtained from Local Group scalings discussed in Sec. IV C 1. Column 6 shows the estimate of B we derived from possible magnetization of MW surrounding medium. Column 7 is the equipartition bound obtained from data considering the f15 maps with source subtracted from the visibility (and image) plane. Column 8 reports the estimate of the CR density from the dSph SFR discussed in Sec. IV B. The associated equipartition magnetic field is in column 9.
Equipartition: A simple way to avoid the introduction of a magnetic field model is to impose a minimum energy condition for the synchrotron source at each position in the dSph. Taking the energy density of the relativistic plasma to be dominantly provided by CRs and magnetic fields, this condition sets B in terms of the CR density. The minimum energy required to produce a synchrotron source of a given luminosity is provided by U B (r) = B(r) 2 /(8 π) = 3/4 U CR (r), where U B and U CR are the magnetic and CR energy density, respectively (see, e.g., [31] ). As known, this corresponds to (near) equipartition (where here we assume local equipartition). U CR can be written as (1 + k) U el where U el is the energy density of the synchrotron emitting electrons U el (r) = Emax Emin dE E n e (E, r) (we choose again E min = 100 MeV and E max = 1 TeV) and k gives the ratio between hadronic and electron CR energy density. Fermi shock acceleration and hadronic interaction models (as well as local CR data) favour k ∼ 100, which will be considered for the estimates of B (slightly less conservative estimates can be obtained in case of leptonic models with k = 0).
Note that with the assumption of local equipartition the magnetic field is obtained at all positions in the dSph (so we do not need a model for the spatial dependency), and is related to the CR spatial profile. In Table II we quote the volume-averaged B over the stellar region B = 3 r −3 * r * 0 dr r 2 B. In the last column of the same Table, we also quote the magnetic field one would obtain assuming equipartition with the CR density estimated as described at the end of Section IV B. It is interesting to note that the strength is very low, in particular lower than B SF R0 (which also relies on late-time SFR). This is because, in the relations considered to derive the latter, equipartition does not hold. Indeed, we take U el ∝ SF R and B ∝ Σ 0.3 SF R , thus U el is not proportional to B 2 . If equipartition is assumed to hold, one of the two adopted scalings needs to be revised. On the other hand, although providing a rough estimate of the ball-park for electron and magnetic densities, equipartition is not expected to precisely hold, especially in a peculiar system like dSph (and indeed observationally is found not to hold for many systems).
The impact of the magnetic field model on the final results will be discussed in Sec. V B.
Turbulence properties
As mentioned in Sec. IV A, we describe the transport of high-energy charged particles in dSphs as a diffusive process. It is governed by the scattering of CR particles with the hydromagnetic waves of the interstellar medium, and so it is set by the turbulence properties of the magnetic field. In order to account for our poor knowledge of dSph magnetic properties, we consider three limiting cases. Loss at injection-place: When turbulence is very strong, particles can be considered as being essentially confined at the same place of injection, where they radiate all of their energy. This can be described by Eq. 3 neglecting the diffusion term which leads to:
Therefore, in this case we do not need to model D. Note also, from Eq. 4, that the typical loss time is below hundreds of Myr, so the description concerns recent time (and it is reasonable to neglect time-evolution). Free-escape: The opposite limit with respect to the above picture is when turbulences are extremely weak and there is no other efficient mechanism for confinement. In this case, particles can easily escape the object and they are subject only to energy losses along their way. The latter can be however neglected in the computation of the equilibrium distribution since they only mildly affect the electron energy. Indeed, for GeV electrons we have dE/dt 10 −16 GeV/s which means on dSph-scale ( 1 kpc) ∆E 0.01 GeV. Thus the electron density can be simply found through the equation: n e (E, r) = 1 4 π c dφ dθ sin θ ds Q e (E, r (s, θ, φ, r)) ,
with r = s 2 + r 2 − 2 r s cosθ cosφ. 3 Note that the negligible impact of synchrotron radiation (which is the signal we aim to detect) on the computation of n e means also that most of the CR electrons power is actually carried out the dSph, and so this scenario will be much less promising than the above one (where instead all the power is radiated within the dSph).
A free-escape picture is somewhat too pessimistic. Indeed CRs cannot stream along a magnetic field much faster than the Alfvèn speed because they generate magnetic irregularities which in turn scatter them (see, e.g., [41] for a review). On the other hand, if we assume that the only ionized medium in the dSph is in fact the cosmological population (on top of the CR component), then the typical associated Alfvèn speed will be very large, a fraction of the speed of light. This means that the confinement time would be just a factor of few larger with respect to the free-escape case and so the synchrotron flux a factor O(1) larger. The possibility of an accurate modeling is limited by uncertainties in the density of ionized gas and magnetic field. Moreover, it would require a description in terms of convection rather than diffusion. Therefore, we will still keep free-escape as the most conservative case, but keeping in mind that, even in the absence of turbulence, some confinement is expected, with bounds being at least a factor of few stronger than for the reported free-escape scenario. Standard diffusion: In between of the above two cases, turbulences can play a major role but allowing particle diffusion lengths on scales comparable to the object-scale. This is the typical scenario for the MW and other LG galaxies. At the energies of interest, O(GeV), and in the quasi linear approximation, the diffusion tensor can be simplified to a scalar with the form:
where r g = 1/k res = R/B is the gyroradius (with R=particle rigidity), P (k) ∝ k α−2 is the turbulence power spectrum, k L is the wavenumber of choice for the normalization of the random magnetic field (i.e., at k L it takes the value δB L and we normalize the power spectrum through
L /4π), and for the spectral index α we assume, for simplicity, a Kolmogorov power-spectrum α = 1/3 (note that for electrons D ∝ E α ). With this formalism, and once the total magnetic field strength is set (see previous section), the computation of the diffusion coefficient D 0 (with D = D 0 (E/GeV) α ) requires only to know the ratio between coherent and turbulent components B/δB, with
For typical values of such ratio in galaxies of the LG one finds D 0 ∼ 3 · 10 28 cm 2 /s. For the spatial dependency of D we consider a profile related to the B shape, namely, D(r) ∝ e r/r * . The numerical solution of Eq. 3 for this scenario is described in the Appendix. The requirement of numerical convergence puts bounds on the minimal and maximal allowed diffusion timescales. This translates into bounds on the diffusion coefficient. They are similar to the bounds one would obtain from physical arguments, e.g., requiring to have a diffusion time ( 
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Limits at 95% C.L. and, in that case, both an upper and a lower limits can be derived. On the contrary, if only one curve is shown, it refers to the upper limit.
V. ANALYSIS A. Statistical technique
We will assume the likelihood for the diffuse emission of a given model to be described by a Gaussian likelihood:
where S , where Σ rms is the covariance matrix, which can be computed through a jackknife or bootstrap procedure. In the estimate of the rms described in Section III A, the noise covariances between pixels are not considered. However, in the image plane of interferometric images, a certain degree of correlation, even between non-adjacent pixels, is expected (because of the Fourier transformation). On the other hand, after subtracting sources, we obtain pretty uniform rms map (see, e.g., Fig. 5) , and, varying the grid on which the computation is performed, this results remains stable. This means that the noise in uncorrelated pixels is analogous to the one in pixels having some correlations with other pixels. In other words, the covariance is subdominant with respect to the variance and we can neglect off-diagonal terms in Σ rms . This is not totally obvious for the full maps (i.e., containing sources). We will nevertheless show few bounds also in the latter case with the goal of reporting the order of magnitude of the constraints and for illustrative purposes. Detection: To test the possible detection of a diffuse emission, we employ a maximum likelihood method with the estimator Values are reported in the case of a Gaussian spherical diffuse emission, assuming a source size corresponding to the extent of the stellar component θs = θ * , and considering the f15 map with source subtracted in the UV-plane. Second column shows the best-fit total surface brightness. The statistical significance is reported in the third column considering the full map (optimal-region). Column 4 shows the 95% C.L. bound derived from data. The corresponding bound at 70 µm emission (inferred using FIR-radio correlation, see text) is in column 5.
of large statistics). L null and L b.f. are the likelihoods of no signal (i.e. with S th = 0 in Eq. 9) and of the best-fit model, respectively. The statistical significance is given by √ λ d σ which is the C.L. at which the null hypothesis (no signal) can be rejected.
On top of using all the possible pixels, we considered also a restricted region, which is where the signal-to-noise ratio is larger. To derive the optimal target region, we select the set of pixels which maximizes an estimate of the signal-to-noise ratio defined by i S i th / i σ 2 rms,i . To identify such pixel-set we implement an iterative algorithm analogous to the one described in the Appendix of [42] . In this way, we expect to have a very good approximation of the area in our datasets which are most sensitive to the diffuse signal. On the other hand, the shape of the expected signal and the fact that we consider only one component (i.e., we do not "marginalize" over some extra components), imply that the evidence in the optimal target region is not much different (and typically lower) than in the full-map. Rather, this is a cross-check to ensure we avoid spurious effects from crowded regions (where the rms can be larger). For the sake of brevity, however, we only show results with statistical analysis performed using all the pixels. As an example, the comparison between the two methods is reported in Table III. We do not get any firm evidence of a spherical diffuse emission. In Table III , we show the the best-fit flux and statistical significance at which the no-signal case can be rejected. A Gaussian profile and a width corresponding to the extent of the stellar component are assumed. The reported values are computed for the f 15 maps with source subtracted in the UV-plane. The subtraction is not totally successful in the targets observed with the H168 configuration (Fornax, Sculptor, Hercules), for which large residuals are still present in the maps. This leads to a "detection" at high C.L., but it is clearly fake. We indeed checked that it disappears when the source regions are masked. Moreover, if we further suppress the source contribution by performing the subtraction in the image plane of the UV-subtracted map, no evidence is obtained. Clearly, the addition of an emission from a model with two free parameters slightly improves the fit, but this is never at large statistical significance. The only cases which might be showing a very weak hint are BootesII and Segue2 for which a ∼1-σ deviation is found (with similar C.L. when considering all the pixels or the optimal region only). Constraints: Bounds on a certain parameter Π of the model are computed for a given set of the other parameters Π 0 and "profiling out" nuisance parameters (i.e., they are taken to maximize L and can be different for different values of Π and Π 0 ). Therefore constraints are estimated though a profile likelihood technique where λ c (Π
2 -distribution with one d.o.f. and with one-sided probability given by
denotes the best-fit value for the parameter under investigation. In other words, a one-sided 95% C.L. upper limit on a parameter is obtained by increasing the signal from its best-fit value until λ c = 2.71.
Results concerning the constraints on the theoretical models discussed above are presented in the next Section.
B. Bounds
We derive the upper limits on the diffuse emission assuming spherical symmetry and taking the diffuse radio emission to be centered at the optical center of the dSph. The uncertainty in the centroid position of the dSphs considered here is typically estimated to be below the arcmin level. Since our sensitivity is rather homogeneous on a much larger scale, we do not expect a significant variation of the bounds due to possible misalignment between dr r 2 j synch (r/rs) versus spatial extension rs, for few different models j synch described in the text. We report also the half-light radius of the stellar distribution r * (see Table II ) and the DM halo scale r0 for an NFW profile (from the central value of the fit in Ref. [43] ).
the assumed center of the spherical distribution of our models and the real dSph center. For similar reasons, we also expect only mild modifications of our bounds in case of departure from spherical symmetry (e.g. ellipticity). In case of a positive detection (which is unfortunately not our case) both effects should instead be accounted for, in order to have a robust determination of the model parameters.
Constraints on the total dSph flux S tot are shown in Fig. 7 as a function of the size of the emission θ s , while the angular profile is constrained in Fig. 8 (see also Fig. 4) . In Fig. 7 , we compare the bounds that can be obtained by employing the different subtraction methods described in Section III, on the three types of maps (r −1 , f 15 , f 60 ) introduced in Section II. The brightness is modeled with a Gaussian:
. For small source-sizes, the r −1 map is the most constraining one, while only the tapered images f 15 and f 60 can probe scales from 1 to 15 arcmin. For illustrative purposes, the reported angular range in Fig. 7 (as in other figures below) extends to slightly larger region, although, as described in Section III C a full simulation (for each model) would be required to assess the actual sensitivity at scales 15 .
The source subtraction clearly reduces the total flux. On the other hand, the trend of this variation among the different cases can significantly vary from dSph to dSph. Indeed, the impact of the source subtraction depends on the quality of the image, on the beam model, and on the number and brightness of sources near the dSph center.
The presence of two different lines with the same color and style implies an evidence above 2-σ (which is the C.L. chosen for the reported bounds). In this case, both an upper and a lower 95% C.L. limits can be derived. On the contrary, if only one curve is shown, it refers to the upper limit. As already mentioned, the source subtraction procedure often leaves some non-negligible level of residuals, which can lead to a spurious detection of a diffuse emission. Therefore in Fig. 7 , some targets show lower bounds not only in the maps including sources (blue lines), but also after source-subtraction in the Fourier (red) or image (green) planes. When both subtraction procedures are combined (orange), no significant detection is found, as already stated above.
From the most conservative case (no subtraction) to the most aggressive one (subtraction in both UV and image planes), the upper bound can significantly vary, up to two or three orders of magnitude.
In Fig. 8 , we show the bounds on the emissivity of the diffuse signal averaged over the emission region j synch = 3 r dE E ne(E, r). The spectrum of ne is assumed to be a power law. In the left panel, we show the effect of varying the spectral index and the spatial profile in the Carina case (other targets show similar scalings). In the central and right panels p f in = 3 and Gaussian spatial profile are assumed. The bounds in the left and central panels are from the f15 map with source subtracted from visibilities, while in the right panel they are from the f15 map with source subtracted on both UV and image planes. The dashed lines show the corresponding X-ray bounds for the Carina and Fornax dSphs obtained following Ref. [46] . described in Section IV B. The impact of the profile on the bounds of the spatially-averaged emissivity is mild, while obviously, the different models can lead to bounds which can be locally quite different. We highlight the physical sizes corresponding to the half-light radius of the stellar distribution r * (see Table II ) and to the DM halo scale r 0 (taken from [43] in the case of an NFW profile), which can be considered as the expected sizes of a possible extended emission in dSphs.
The constraints are derived focusing on the f 15 maps with sources subtracted in the UV-plane. However, for completeness, in the case of a Gaussian spatial profile, we report the curves obtained from the f 15 maps without subtracting sources (dotted lines) and with the source subtraction performed both in the UV and image planes (dashed lines).
In Fig. 9 , we derive constraints for the spatially averaged equilibrium distribution U el of CR electrons and positrons in the dSph. The spectrum is assumed to be a power law. In these plots, as for the following ones, we will only consider source-subtracted f 15 maps where the subtraction is performed either in the UV-plane or both in UV and image planes. As benchmark models for the magnetic field, we assume a strength B 0 given by the maximum value among the ones quoted in columns 4-6 of Table II and a spatial profile given by B = B 0 e −r/r * . We show the impact of the spatial profile and spectral index in the case of the Carina dSph (left panel). As for Fig. 8 , the profile has a mild effect on the the spatially averaged bounds. The choice of the spectrum is instead relevant, although the re-scaling of the bounds can be easily computed for the case of a power law.
In the central and right panels of Fig. 9 , we compare the bounds on U el with the estimates from SF reported in column 8 of Table II (shown with filled circles). They indicate that if the estimates for the CR density associated to late-time SFR, U
SF R0 el
, are correct, we need a few order-of-magnitude improvement in the observational sensitivity (i.e., to reach a fraction of µJy to nJy), to probe the CDS emission, which is thus possibly achievable by the SKA. The emission related to SF in UDS would require a very high sensitivity even for the SKA. Fig. 10 is similar to Fig. 9 , but now we compute bounds on the injection distribution of CR electrons and positrons Q e , rather than on the equilibrium distribution. The limits are derived in the loss at injection-place scenario described in Section IV C 2 and assuming a power-law for the injection spectrum.
Note that the bounds in Figs. 9 and 10 are somewhat dependent on the chosen extrema for the energy integration of the spectrum, in particular on E min . However, since the spectrum is a power-law, it is straightforward for the reader to derive the bound with a choice of E min different from 0.1 GeV.
Figs. 11 and 12 show how different scenarios for the magnetic field strength and turbulence can change the constraints on the CR injection distribution of Fig. 10 . The impact of the magnetic field strength is discussed in Fig. 11 . The scaling of the curves follows from the scaling of the emissivity. The magnetic field affects both the synchrotron power via Eq. 1 and the CR energy losses via Eq. 4. When synchrotron losses are subdominant with respect to IC losses, the emissivity scales as j synch ∝ B −(p f in +1)/2 , following the scaling of the power. At large B, the curves flatten because synchrotron radiation becomes the dominant energy-loss mechanism and an increase in B shows up in an approximately equal increase in both P synch and dp/dt, leaving j synch ∼ const. dr r 2 Qe(r/rs) versus spatial extension rs. Qe(r) is the injection distribution of CR electrons and positrons in the dSph, with the spectrum assumed to be a power law. The limits are computed in the loss at injection-place scenario described in Sec. IV C 2. In the left panel, we show the effect of varying the spectral index and the spatial profile in the Carina case (other targets show similar scalings). In the central and right panels pinj = 2.5 and Gaussian spatial profile are assumed. The bounds in the left and central panels are from the f15 map with source subtracted from visibilities, while in the right panel they are from the f15 map with source subtracted on both UV and image planes.
The observational bounds on the strength of B under the equipartition assumption (shown in Table II ) are B few µG, while expectations from theoretical arguments leads to about the µG-scale. Taking the latter estimate for the strength, the increase in sensitivity needed to probe a signal with CR density at equipartition with such magnetic field, roughly scales with the fourth power of the ratio between the current equipartition bound and the expected magnetic field strength. This scenario is thus within the reach of the SKA, and, in some cases, also of its precursors ASKAP and MeerKAT.
Note also that the bounds in Fig. 9 would be significantly stronger under the equipartition assumption (and close to U SF R0 el in the case of the Fornax and Sculptor dSphs), exactly because the magnetic field would be significantly larger. Fig. 12 shows the impact of diffusion effects on the derived bounds. A diffusion similar to the one observed in the Milky Way (see discussion in Section IV C 2) makes the bound weaker by about one order of magnitude for the largest dSphs (Carina, Fornax, Sculptor, and Hercules) and by about two orders of magnitude for the smallest systems (BootesII and Segue2) with respect to the loss at injection-place case shown in the previous plots. We assumed a Kolmogorov spectrum, with the diffusion coefficient exponentially increasing outside the stellar region:
1/3 e r/r * . In the free-escape scenario, the bounds worsen by about four and five orders of magnitude, respectively. We remind the reader that, as discussed in Section IV C 2, a free-escape is probably extreme and too pessimistic, and the allowed range can shrink by a factor of few taking into account CR self-confinement.
The uncertainty associated to spatial diffusion is thus very relevant, as expected. This is indeed due to the smallness and low level of activity (at present time) of dSphs.
FIR-radio correlation
A tight correlation between global radio and far-infrared (FIR) flux of normal star-forming galaxies has been observed to exist over many orders of magnitude in luminosities and up to intermediate redshifts [44] . The correlation is probably connected to the fact that both radio and FIR emissions are related to the SFR of the object. Indeed, the radio emission mainly comes from synchrotron radiation of CR electrons accelerated in SN remnants, and the FIR flux is mainly due to dust reprocessing of UV photons from young stars. On the other hand, such a tightness of correlation for very different systems has still to be understood. Empirically, the FIR-radio correlation can be written as:
where q IR has been found, for normal galaxies at 70 µm, to be q 70 = 2.15 ± 0.16 [44] .
Recently, Ref. [45] studied the FIR-radio correlation in samples of faint star-forming dwarf galaxies, finding a good agreement with the q 70 value of [44] . However, it is not guaranteed that such relation holds also in the case of old dSph galaxies considered here. On the other hand, by assuming it, we can use the bounds we derived for the total radio flux to infer bounds on the infrared emission. They are reported in Table III Table II are overlaid. The bounds in the left panel are from the f15 map with source subtracted from visibilities, while in the right panel they are from the f15 map with source subtracted in both UV and image planes.
Comparison with X-ray bounds
The peak of the synchrotron emission at 2 GHz is produced by electrons with energy from few GeV to few tens of GeV, depending on the magnetic field. The same population of non-thermal electrons inevitably gives rise to inverse Compton (IC) radiation via their interaction with the CMB photons. Such emission falls in the X-ray frequency range, namely in the keV-MeV energy band. Indeed the peak of this IC emission occurs for a photon energy E γ (E e /GeV) 2 keV, where E e is the electron energy. In Fig. 9 , we compare the bounds that can be obtained on the non-thermal electron density from current X-ray data with the constraints derived in this work. For the former, we consider the analysis of Ref. [46] , which made use of XMM-Newton archival data for the Carina and Fornax dSph targets (on top of Ursa Minor which however is not part of our dSph sample). The derived flux limits in the 0.5-8 keV band are, respectively, 2.1 · 10 −5 and 10 −5 photons cm −2 s −1 for an aperture of 6' radius [46] . Following this analysis, we can constrain U el for the models discussed above. We found that X-ray bounds are few orders of magnitude weaker than the constraints from synchrotron emission derived in this work. In Fig. 9 , we compare X-ray (dashed) and radio (solid) bounds in the case of a power-law spectrum with p f in = 3 for the equilibrium electron distribution. The radio data of this project are more constraining than current X-ray data for a magnetic field strength larger than ∼ 0.05 µG.
VI. CONCLUSIONS
Local Group dwarf spheroidal galaxies are our closest neighbors. The knowledge about dSphs is however quite limited, as these objects are small, quiescent and dim. DSphs have been recognized as important probes for cosmology. Their structure, chemical composition and kinematics pose indeed important challenges to our current understanding of structure formation [2, 29, 47] . DSphs are the faintest (with luminosities down to L V ∼ 10 3 − 10 4 L ), most dark matter dominated (with mass to light ratios within r * up to 10 3 − 10 4 M /L ), and most metal poor (with mean stellar metallicity [F e/H] ∼ −2) galaxies in the Universe (see, e.g., Ref. [29] for a recent review). They can also be key probes in the search for a particle DM signature. Indeed, due to their proximity, high DM content, and low level of astrophysical emissions, dSphs are widely considered to be among the most promising targets for detecting a diffuse component possibly originated from DM annihilations or decays in the dSph halo (see Paper III).
At present, no evidence for the presence of a thermal or non-thermal plasma from dSphs has been reported. Deep observations are thus required in order to possibly probe the non-thermal emission associated to particle DM or to the very-low level of dSph star formation. The detection of a radio diffuse component can provide crucial insights on the dSph environment (especially for what concerns the magnetic properties) and on its activity and CR acceleration mechanisms.
In this paper, we made use of deep mosaic radio observations of a sample of six local dSphs, three "classical" ones (Carina, Fornax, and Sculptor), and three "ultra-faint" dSphs (BootesII, Segue2, and Hercules) to investigate the presence of diffuse synchrotron emissions in the dSph interstellar medium. We collected data with the ATCA telescope in an array configuration specifically designed to seek an extended (few arcmin-scale) signal. The resulting maps have a sensitivity around 0.05 mJy at 2 GHz. On top of the image from the compact array, we simultaneously obtained long-baseline data to map discrete sources (see Paper I [12] for more details). The confusion limit is one of the greatest obstacles to be overcome in the search for a few-arcmin radio diffuse emission. Indeed, for arcmin synthesized beams, the nominal confusion level at GHz frequency is around few hundreds of µJy, so well within current radio-telescope sensitivities. High-resolution maps and a proper source subtraction are thus required.
We performed an accurate procedure for the subtraction of small-scale sources. First, this has been done by subtracting the Fourier transform of high-resolution sources from the visibility plane. This procedure allowed to reduce the confusion noise and to gain a factor of few in sensitivity (depending on the target and the related quality of data). The sensitivity was brought closer to its nominal rms value, especially in the cases of Carina and BootesII. We also described how to possibly further subtract sources in the image plane by means of the SExtractor package [17] .
No significant detection of a diffuse emission has been singled out from the data. The radial distributions of the observed surface brightness and noise are reported. These can be straightforwardly exploited to constrain models involving a spherical diffuse emission in the observed dSphs (including WIMP-induced emissions).
The bounds on the dSph total flux and emissivity, presented in Figs. 7 and 8, are approximately at the level of 1 mJy and 0.1 mJy/beam, respectively, for a source size of the order of the stellar profile extent.
Assuming the dominant radio emission in dSphs to be due to synchrotron radiation associated to CR electrons accelerated in processes related to star formation (the DM interpretation is more extensively discussed in Paper III [14] ), the SFR of dSphs plays a crucial role in setting the brightness of the emission. We discussed how to relate both the CR density and the magnetic field strength to the SFR inferred from the observed color-magnitude diagram in classical dSphs (while for the ultra-faint cases we have to mostly rely on extrapolations). Although the sensitivity of current observations is above the level of the expected emission, we found that, in the case of CDS, the next-generation of radio telescopes could start probing the presence of a SF-induced diffuse synchrotron radiation.
We quantified how the derived bounds depend on the magnetic field model and, for each dSph, we derived limits on the magnetic field strength under the equipartition assumption. Physical arguments suggest a strength of the magnetic field at the level of µG (CDS) or a fraction of µG (UDS), while the equipartition between CR and magnetic density leads to an upper limit of few µG (see Table II ).
We accurately modeled the CR spatial diffusion in dSphs by developing a new numerical scheme based on the Crank-Nicolson algorithm to solve the CR transport equation (described in the Appendix). The impact of diffusion on the expected emission from dSphs can be dramatic, as shown in Fig. 12 . Indeed, due to the small size of dSphs and the probable low level of turbulence, CR electrons can in principle escape the dSph before radiating a significant amount of synchrotron power. Future polarization measurements of background sources with the SKA will be crucial to understand the magnetic properties of dSphs and to reduce the degree of uncertainty in the expected signal.
We also discussed the connection of radio emission to FIR and X-ray observations. Using the FIR-radio correlation observed for star-forming galaxies, we translated the radio upper limits into bounds for the dSph emission at 70 µm in Table III . Observations in the X-ray band can probe the IC emission due to scattering with the CMB photons of the same GeV-population of electrons possibly producing a synchrotron radiation at GHz-frequency. For a magnetic field strength larger than ∼ 0.05 µG, the current radio bounds are however significantly more constraining.
To conclude, we presented in this paper the first study dedicated to the systematic search for a diffuse radio emission in dSphs making use of interferometric observations. This technique and the discussed analysis pipeline can provide a benchmark analysis that could be adopted in the near future by the SKA and its precursors, with an outstanding improvement in sensitivity, for addressing the puzzling history of dSphs and the fundamental nature of DM. Fig. 11 ) versus diffusion coefficient. We assume D = D0 (E/GeV) 1/3 e r/r * . Square points show the limits for free-escape, while circles are the bounds in the loss at injection-place case. The bounds in the left panel are from the f15 map with source subtracted from visibilities, while in the right panel they are from the f15 map with source subtracted in both UV and image planes.
This kind of numerical method has been adopted for the solution of the transport equation in the Milky Way, e.g., by the publicly available codes GALPROP [48] and DRAGON [49] . The main differences in our case are that we have a 2D propagation (in r and E) due to the spherical symmetry (instead of 3D or 4D as for the Galaxy) and we consider a logarithmic scale for the spatial grid. For further details on the stability of the generalization of the above described Crank-Nicolson scheme to a multidimensional case, see [50] . We apply the so-called ADI (alternating direction implicit) method, in which the implicit updating scheme is alternately applied to the r-and E-operators in turn, keeping the other coordinate fixed.
The α-coefficients for the finite-differencing scheme in r can be derived from: 
where we assumed a constant step ∆r. Neumann (Dirichlet) boundary conditions ∂n e /∂r = 0 (n e = 0) has been set at the center i = 0 (farthest boundary i = N ). The α-coefficients at i = 0 (i.e., atr min very close to the center) turn out to be α 1 = 0, α 2 = 4 e −2rmin D |rmin /(r 0 ∆r) 2 , and α 3 = α 2 . The finite-differencing scheme for the E-propagation is analogous to the one adopted in [50] (see their Table 1 ). In our runs we typically start with a large time-step ∆t = 10
11 years and perform a number of iterations to obtain a stable solution on this large scale (more in detail, we stop when the fractional change of n e in a time ∆t is below 0.1% for each point of the grid). Using such solution as n t of Eq. A3, we then reduce ∆t by a factor of 2 and iterate again. This is repeated until ∆t = 10 years is reached (which is a time-step much smaller than any time-scales of the process, in particular of energy losses), where we get our final solution. The convergence is ensured by requiring n e to become constant in time and the time-scale τ c = n e /(∂n e /∂t) to be larger than diffusive and energy loss times-scales at each grid-point (typically τ c > 10
10 years). We also cross-checked our numerical solution against analytic solutions in the cases with only spatial-diffusion terms and with only the energy-loss term, and against the semi-analytic solution which makes use of Green's functions (see, e.g., [51, 52] ) for the full equation but with spatially constant D andĖ. The advantages of the Crank-Nicolson solution with respect to the latter is given by the much shorter computational time needed and by the possibility of having D(r) andĖ(r).
